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要約 
 
Cellulose nanofiber (CNF) has received great 
attraction in academia and industry owing to its 
outstanding physiochemical features such as high 
mechanical strength, low density, optical 
transparency, adaptable surface chemistry, 
renewability and biocompatibility.1 Consequently, 
CNF is the most important candidate in designing 
the next generation products and processes for 
automotive industries, construction, marine or 
aerospace engineering, electronics devices, drug excipient and drug delivery, membranes, sensors, electroactive 
polymers.2 Nevertheless, the major application area of CNF is the nanocomposites where it is used as a filler, yet, it 
has an immense scope to be applied as a functional building block to design new materials and products. Therefore, 
in this thesis CNF has been used as a building block material to design CNF films with nanoscale dimension and 
introduced CNF in controlling surface wettability for oil–water separation by a simple modification route as well 
as isolation and functionalization of CNF by a facile and robust method. Owing to its high optical transparency,3 
flexibility,4 and desired electrical properties,5 CNF has been used in designing electronic devices as a substrate 
combined with different functional materials. But to date the cellulose films used in fabricating the devices are 
typically made with thickness well over 10 μm.6 The first part (Chapter 2) of the thesis describes a stable CNF 
monolayer formation by Langmuir–Blodgett (LB) technique. At the very beginning CNF was obtained by sulfuric 
acid hydrolysis of commercial microfibrillated cellulose (MFC). As a result, CNF exhibited sulfate half ester groups 
on its surface resulting in improved dispersibility, which ultimately facilitated for the next processes (Figure 1(a)). 
The hydrophilic CNF maintained at the air–water interface with corresponding surface pressure increase with 27 
  
 
 
Figure 1. (a) The modification route of MFC for obtaining 
functional CNF. Chemical structures of (b) pDDA and (c) 
THFS. 
mN/m in the presense of formic acid (Figure 2(a)). 
The monolayer was further stabilized by 
incorporation of amphiphilic polymer, 
poly(N–dodecyl acrylamide) (pDDA) (Figure 1(b)), to 
the water surface, leading to very high collapse 
pressure (50 mN/m), which enabled regular and 
uniform deposition on solid substrates (Figure 2(a)). 
Both hydrophilic and hydrophobic substrates were 
available for the deposition, however, the 
hydrophobic substrate showed better results with a 
transfer ratio of almost unity, suggesting the two 
dimensional orientation of CNF in nanosheets (Figure 2(b)). Moreover, multilayer deposition was possible for more 
than 200 layers with uniform deposition phenomena (Figure 2(c)). The as–prepared nanosheets were highly 
optically transparent. Due to the incorporation of pDDA alkyl chains along with high roughness originated from 
the round shape CNF, hydrophobic surfaces were developed, which was tunable by varying the number of layers. 
At the end of this chapter free–standing CNF nanosheets were prepared without any flaws, having a minimum 
thickness of 45.6 nm, which is a breakthrough in CNF film preparation.  
In the second part of the thesis (Chapter 3), CNF was introduced as a building block material for surface 
wettability controlling. Surface engineering is one of the most important research areas recently all over the world 
both in academy and industries for their immense scope in diversified fields. By tuning the characteristic 
properties of various materials, 3–D hierarchical engineering surfaces can be developed, which can be applied in 
many areas, for example, superwettable surface development.7 Superwettable surfaces are of great importance 
because they can be applied in many potential areas such as self–cleaning,8 oil–water separation,9 and many more. 
Oil–water separation is an important issue for social and economical aspects. Therefore, it is necessary to design 
the selective wettable surface in terms of high separation efficiency, high repeating cycle, stability as well as 
designing with low cost materials for commercial sustainability. In view of this, CNF was successfully and 
conveniently modified with trichloro(1H, 1H, 2H, 2H-heptadecafluorodecyl)silane (THFS) (Figure 1(c)) by a facile 
method at ambient conditions. Figure 3(a) shows FT-IR spectra of pristine and modified CNF. In case of modified 
CNF two new peaks at 1235 cm-1 and 1205 cm-1 were clearly observed, signifying the anti-symmetric and 
symmetric stretching of long CF2 chain originated from THFS. After modification solid substrates were drop 
coated with CNF suspensions that exhibited 17.4 mN/m surface free energy (Figure 3(b)) and showed very low 
 
 
Figure 2. (a) Monolayer formation; π-A isotherms of 
pure CNF (black), pure pDDA (red) and pDDA/CNF 
(green) (b) transfer ratio of pDDA/CNF monolayer on 
hydrophobic Si substrate and (c) photograph of 
multilayers CNF nanosheet. 
water adhesion due to the incorporation of 
fluorinated moieties from the silane–coupling agent. 
The modified CNF surface assembly showed 
hierarchical rough porous structures, depicting the 
suitability for superhydrophobic surface. The 
as–prepared surface showed water contact angle 
(WCA) 160° (Figure 3(c)), whereas in case of octane 
the contact angle was less than 35°. As a result, the 
modified CNF surface represented 
superhydrophobic and oleophilic properties. Figure 
3(d) represents the selective wettability for 20 μL 
water and octane droplets. The modified CNF 
surface assemblies were highly resistive towards 
severe environmental conditions. This selective wettable modified CNF was applied to design oil–water separator 
by using a stainless steel mesh. The modified CNF coated mesh was able to separate a number of hydrocarbons 
and organic solvents with more than 95% separation efficiency. Moreover, a specially designed arrangement of 
modified CNF coated mesh was also applied for scale–up approach. The results showed that the as–designed 
system can separate 28.5 L oil-water mixtures per hour with high separation flux and it was active for maximum 
80 repeating cycles, which is the highest repeatability reported so far. This high repeating cycle was possible as 
there was no significant fouling during separation, which is common limitation of most of the systems. Finally, by 
utilizing CNF as an effective building block material, highly efficient, robust and industrially sustainable system 
was designed, which can be applied for environment cleaning.  
The last part of the thesis (Chapter 4) demonstrated single–step isolation of carboxylated CNF from jute fiber by 
ammmonium persulfate (APS) oxidation method. CNF with free carboxylic groups was isolated by APS oxidation 
without pretreatment. The as–prepared carboxylated CNF exhibited higher amount of carboxylic group, which 
imparted the higher negative surface potential. As a practical evidence of carboxylation, modified CNF absorbed 
cationic methylene blue (MB) dye, removing completely from the 6.8 ppm dye solution, suggesting a very high 
potential application of CNF in environment cleaning (Figure 4(a)). Due to the assembly with cationic dye, 
modified CNF was aggregated whereas carboxylated pristine CNF was obtained as almost individual (Figures 
4(b) and 4(c)). Afterwards, the carboxylated CNF was further functionalized with dodecylamine 
hydrochloride(DDA) by water based method, which incorpolated long alkyl chains on the CNF surface. The alkyl 
 
 
Figure 3. (a) FT-IR spectra of pristine and modified 
CNF. The numerical values 1, 2, 3 and 4 refer to the 
concentrations of THFS as 1.7, 3.4 6.8 and 15 mM/L. 
(b) Critical surface free energy of modified CNF 
surface assembly. (c) WCA with the corresponding 
SEM image of modified CNF surface assembly and (d) 
photograph of water (blue) and octane (orange) 
droplets on modified CNF coated glass substrate. 
moieties grafted CNF exhibited better 
dispersion properties in organic solvents and 
thereby enhanced the WCA value, which 
ensured the amphiphilic nature of CNF. 
Moreover, highly pure cellulose nanocrystals 
(CNC) was also obtained by APS oxidation by 
combining a facile mechanical treatment 
(Chapter 5). CNCs obtained by this method 
have an average diameter of 5.2 nm and 
length less than 500 nm. CNCs were also 
decorated with higher amount of carboxylic 
groups, yielding high surface potential. Due to smaller particle size and surface negative potentials CNCs were 
well dispersible in series of solvents including water, DMF, ethanol, DMSO, THF and toluene. The high repulsive 
force originated from the carboxylic moieties resulted in the stable suspension for 15 h. The stability of the 
suspension was polarity dependent of the solvents (water>DMF>ethanol>DMSO>THF>toluene). Thus the APS 
oxidized pure crystalline CNCs were isolated from jute fiber with comparatively high yield. Finally, this thesis is 
the outlining of CNF research as a building block material to control the surface wettability for advanced 
applications. 
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Figure 4. (a) UV-absorption spectra of 6.8 ppm methylene 
blue (MB) dye solution (black) and decanted water (red) after 
adsorption by the carboxylated CNF. (b) Individual 
carboxylated CNF due to electrostatic repulsion and (c) 
aggregation of dye adsorbed CNF. 
